T HIS STUDY is presented to delineate the effects of right ventriculotomy on the activation of the epicardial surface of the canine right ventricle, and to dismiss the con-tention1 2 that right ventriculotomy per se causes right bundle-branch block.
T HIS STUDY is presented to delineate the effects of right ventriculotomy on the activation of the epicardial surface of the canine right ventricle, and to dismiss the con-tention1 2 that right ventriculotomy per se causes right bundle-branch block.
Materials and Methods
Healthy, adult, mongrel dogs weighing from 19 to 22 Kg. were anesthetized with thiopental sodium, intubated, and placed on a Jefferson respirator. The chest was entered through the bed of the right fifth rib, the azygos vein ligated, and tapes placed around the superior and inferior venae cavae. The pericardium was incised widely and the right ventricle exposed. Reference electrodes containing five silver wire contacts were sutured to the right atrium near the sinoatrial node at fixed positions on the right ventricle corresponding to points F-12 and N-12 in figure 1, and at a fixed position on the left ventricle near the anterior atrioventricular groove. Bipolar eleetrograms were recorded from the right ventricular epicardium at multiple points by means of an L-shaped exploring electrode containing two silver contacts at its tip. Electrograms from both reference and exploring electrodes were monitored on an eight-channel Electronics for Medicine switchedbeam oscilloscope and were recorded on paper moving at 200 mm./see. Lead II of the standard electrocardiogram was monitored throughout. These recording techniques have been described in detail elsewhere.3-5 Rectal temperature and arterial blood pressure were monitored and maintained at normal levels.
Twenty-three specific points on the epicardial surface of the right ventricle were selected, and control electrograms were recorded from each of these sites. The tapes around the superior and inferior venae eavae were tightened and a right ventriculotomy was performed during inflow oc-elusion. The course of the ventriculotomy incision, which was 6 to 8 em. in length, was varied in different animals with respect to the position of the Purkinje fibers which extend from the base of the anterior papillary muscle on the septum to the free wall of the right ventricle. In different experiments, the incision passed either: (1) medial to the attachment of these fibers on the endocardial surface of the right ventricular wall;
(2) lateral to the fibers; or (3) through their arborization on the right ventricular wall. The duration of inflow occlusion varied from two and a half to three minutes; following release, the ventriculotomy incision was closed with a continuous silk suture.
After a recovery period of from 30 to 60 minutes, electrograms were again recorded from the same 23 points on the epicardial surface of the right ventricle. Twelve-lead electrocardiograms were taken immediately before and after operation and at intervals in the postoperative period.
Measurements were made of the time interval between the electrograms recorded from the right atrial reference electrode and those recorded from the exploring electrode at the various positions on the right ventricular epicardium. The results of this study are derived from a total of 1,200 measurements. The electrocardiograms were examined and the QRS complex durations measured. Results A representative set of records obtained before and after right ventriculotomy, with the exploring electrode at one point on the right ventricular epicardium, is shown in figure 1 . Complexes from the atrial reference electrodes are designated A, those from the exploring electrode on the epicardial surface of the right ventricle by E, and those from the reference electrodes sutured to the right and left ventricles by V. Details of the terminology are in the legend of figure 1.
The numerals in figure 2 represent the interval in milliseconds between activity recorded at the right atrial electrode and activity at the point on the epicardial surface of the right ventricle where the numeral is -located. The intervals from A to each of the V points remained constant throughout each experimental run.
The sequence of activation of the right ventricular epicardium was consistent in the control experiments. Activity was first recorded in the area adjacent to the anterior interventricular groove. The midportion of the right ventricular epicardium was activated second. The area adjacent to the posterior interventricular groove and the anterior basal area just below the root of the pulmonary artery were activated last (figs. 2, and 3A1, B,, and C,). The spread of activation over the entire right ventricular surface required 25 to 40 msec. (table 1) .
Activation of the Right Ventricular Epicardium After Right Ventriculotomy
Ventriculotomy Medial to Free-Running Putrk-inje Fibers After closure of the ventriculotomy incision, electrograms were recorded from the same 23 points and the sequence of activation of the right ventricular epicardium was determined (figs. 1, 2A, and 3A2). Figure 2A shows the activation times before and after ventriculotomy for an animal in which the incision passed medial to the attachment of the freerunning Purkinje fibers to the endocardial surface of the right ventricular wall. As in the control records, the area adjacent to the anterior interventricular groove was activated first, the midportion of the ventricular wall second, and the area adjacent to the posterior interventricular groove and the anterior basal area were activated last. Activation of the entire ventricular surface required 25 to 30 msee.
Ventriculotomy Through Arborization of Free-Running Purkinje Fibers Figure 2B shows the activation times before and after ventriculotomy where the incision passed through the arborization of the free-Circulation, Volume XXVII, April 1968 running Purkinje fibers on the endocardial surface of the right ventricle. As before, the sequence of activation of the epicardial surface of the right ventricle was essentially unchanged by the ventriculotomy. The area adjacent to the anterior interventricular groove was activated first, the midportion of the ventricular wall second, and the area adjacent to the posterior interventricular groove and the anterior basal area were activated last (figs. 2B and 3B2). Activation of the entire ventricular surface required 30 to 40 msec.
Ventriculotomy Lateral to Free-Running Purkinje Fibers
Activation timnes before and after a ventriculotomy incision which passed lateral to the arborization of the free-running Purkinje fibers on the endocardial surface of the right ventricular wall are shown in figure 2C . The sequence of activation was altered by this incision.
There was no significant delay in the time of activation of the portion of the right ventricular epicardium medial to the incision, but there was a delay in activation of that part of the epicardium lateral to the incision. The time required for activation of the entire epicardial surface was increased to 42 to 52 msee. Consequently, when the total activation time TYPICAL RECORDS FROM ONE POINT WALL-RIGHT VENTRICLE ATEt VENTRICULOTOMY Figure 1 Diagram of the epicardial surface of the right ventricle and a set of representative electrograms recorded with the exploring electrode placed at a specific point (H-12) on the right ventricular epicardium before (control) and after right ventriculotomy. In this experiment, the ventriculotomy incision was medial to the free-running Purkinje fibers. Lines A to P and I to 22 form a reference grid. Points on the diagram of the epicardial surface of the right ventricle drawn upon this grid correspond to points on the right ventricular epicardium. By utilizing the anatomical landmarks afforded by the base of the pulmonary artery, the right atrio ventricular groove, the anterior and posterior interventricular grooves, and the apex of the heart, the exploring electrode could be positioned precisely and reproducibly at the same 23 recording sites before and after right ventriculotomy. Recordings were made at each site marked X before and after right ventriculotomy. The numbers at point H-12 and at all the recording sites in figure 2 represent the intervals, in msec., between activity recorded through the reference electrode sutured on the right atrium and activity recorded through the exploring electrode on the epicardial surface of the right veltricle at that specific recording site. The upper number (100 msec.) at point H-12 was obtained before ventriculotomy, and the lower number (101 msec.) after ventriculotomy. An example is shown of the records obtained with an exploring electrode positioned at point H-12 on the epicardial surface of the right ventricle; arrows associate the corresponding numbers and electro gramsn In this experiment, the ventriculotomy incision extended from point M-9 to point H1-16. In other experiments, it terminated more laterally, at points G-15 and F-14, respectively, so that the incision passed either through or lateral to the arborization of the free-running Purkinje fibers on the endocardial sur-Circulation, Volume XXVII, April 1963 area adjacent to the anterior interventricular groove and the part of the midportion medial to the incision were activated during the first third of the total activation time; the area adjacent to the posterior interventrieuilar groove and varying portions of the anterior basal area were activated in the middle third;
and that part of the midportion lateral to the ventriculotomy incision was activated in the final third (figs. 2C and 3C2). Comparison of preoperative electrocardiograms with those taken immn-ediately postoperatively and those taken four to seven days postoperatively showed no change in QRS complex duration following right ventriculotomy, regardless of the location of the incision (table 2) . Changes in the configuration of the QRS complexes will be described in a future report. Discussion
Through the use of fixed and exploring bipolar electrodes, the activation of the epicardial surface of the right ventricle has been investigated before and after right ventrieulotomy. Activation normally began in the area adjacent to the anterior interventricular groove and swept laterally over the epicardial surface, ending in the area adjacent to the posterior interventricular groove and the anterior basal area (fig. 3 ). The total activation time was 25 to 40 msee. This activation sequence is unlike that which has been reported for the left ventricle,5 which is activated in an ''apex-to-base" sequence. This dissimilarity is explained by the difference in the peripheral distribution of the right and left bundle branches: in the right ventricle, there is only one bundle of Purkinje fibers runnling from the septum to the free wvall; in the left ventriele there are two.
Right ventriculotomy did not affect the sequenee of activationi of the right ventricular epicardium if the incision was made either medial to the free-running Purkinje fibers or through their arborizationi on the free ventricular wall; total activation times were likewvise unaltered. However, when the incision was made lateral to the free-running Purkinje fibers, there was a eonsistent alteration in the sequellee of activationi of the right ventricular epicardiuin in that the area lateral to the incisionl nlowv wivas activated last. The time required for the spread of activation over the right ventrieular surface was prolonged to 42 to 32 msee.
These findings would be expected from the Activation of the epicardial surface of the right ventricle in three experiments before and after ventriculotomy. In A, the incision was made medial to the arborization of the free-running Purkinje fibers on the endocardial surface of the right ventricle; in B, the incision passed through the arborization; and in C, the incision was made anatomy of the conduction systemn. The freerunning Purkinje fibers meet the right ventricular endocardium in the vicinity of the junction of the medial third and lateral twothirds of the ventricular wall. Therefore, anl incision placed in the ventricular wall betweenl the attachment of the fibers and the septumn or through the arborization of the fibers does not leave any portion of the wall at any appreciable distance from either the fibers or the already activated septunm. However, division of the ventricular wall lateral to the freerunning Purkinje fibers isolates the portion of the ventricular wall lateral to the incision from both these sources of depolarization and, hence, delays its activation.
A review of the electrocardiograms has shown no evidence of bundle-branch block, complete or partial, or of any arrhythmia after right ventriculotomy in any animal in this study. In particular, the QRS complex durations were unaltered (table 2), even in those animals in which the ventriculotomy incision passed lateral to the free-running Purkinje fibers and in which changes in the sequence of activation and time of activation were found. Presumably, these changes are not sufficient to reflect in the duration of the QRS complex. The altered configuration of QRS in some leads will be discussed in detail in a future report.
The bulk of the literature on operative repair of ventricular septal defect is in agreemnent with these findings. Postoperative disturbances of conduction are almost always lateral to the arborization. As is explained in figure 1 , the numbers at each point represent the difference, in msec., between activity recorded through the right atrial reference electrode and activity at that point on the right ventricular epicardium. The numbers above the line were obtained before, and those below after, right ventriculotomy. Note that the activation times were virtually unchanged when the incision passed medial to the arborization or through the arborization of the free-running Purkinje fibers on the endocardial surface of the right ventricular wall, but were considerably delayed when the incision passed lateral to the arborization. See also figure 3. Diagram of the sequence of activation of the ep-icardial surface of the right ventricle before and after right ventriculotomy in three experiments. Al, Bl, and C1 show the activation sequence prior to ventriculotomy; A2, B2, and C2 show the activation sequence after ventriculotomy. In A2, the ventriculotomy incision was medial to the free-running Purkinje fibers; in B2, the incision passed through the arborization of the free-running Purkinje fibers on the right ventricular endocardium; and in C2, the incision was lateral to free-running Purkinje fibers. The interval of time between the earliest and latest recorded activity is divided into thirds; these intervals are termed early, intermedia,te, and late. The ventriculotomy site is indicated by the broken lines in A2, B2, and C2. Note that the sequence is unaltered in A and B, but is altered in C.
attributed to sutures or other direct trauma to the common bundle of His or one of its major branches, particularly the right bundle branch, rather than to the right ventriculotomy.6-1 However, some authors" 2 have stated that right ventriculotomy alone causes right bundle-branch block. Their data on dogs and humans indicate that patterns of atypical Circulation, Volume XXVII, April 1963 right bundle-branch block appear on the electrocardiograms and vectorcardiograms at the precise instant that the right ventricle is incised, and conclude that the postventriculotomy right bundle-branch-block pattern is not a result of injury to the septum, but rather is caused by the right ventriculotomy per se. Our data are in disagreement with the above conclusion. Right ventriculotomy has not been found to produce the electrocardiographic changes of bundle-branch block and, providinig the ineision is niot made lateral to the attachment of the free-running Purkinje fibers to the endocardial surface of the right ventrieular wall, right ventriculotomy does nlot alter the sequence of activation or the time of activation of the epicardial surface of the right ventricle. Summary The sequence of activation of the epicardial surface of the right ventriele has beeni studied before and after right ventriculotomy. Norinally, the area of the right ventriele adjacenit to the anterior iiiterventricular groove is activated first, the nmidportion of the wall seconid, and the area adjacent to the posterior interventricular groove and the anterior basal area are activated last. A-etivation of the entire epicardial surface of the right ventricle requires 295 to 40 msee.
Right ventriculotoiny does not alter the sequence of activation or the tinme of activation of the right veentricular epicardium if the incision passes medial to the free-running Purkinje fibers or through their arborization on the right, ventricular wall. When the yentriculotomy is made lateral to the arborization of these fibers, activation of that portion of the wall lateral to the incision is delayed, and activation of the entire ventricular surface requires 42 to 52 msee.
There is nio electrocardiographic evidence of bundle-branch block, complete or partial, following right ventriculotomy, regardless of the location of the incision.
